The water transport properties of etiolated pea (Pisum sativum L.) internodes were studied using both dynamic and steady-state methods to determine (a) whether water transport through the growing tissue limits the rate of cell enlargement, and (b) whether auxin stimulates growth In part by increasing the hydraulic conductance of the growing tissue.
that auxin does not alter the hydraulic conductance of pea stem tissue, either at the cellular or the whole tissue level.
Measurements of the turgor pressure of cortical cells, combined with osmotic pressure measurements of expressed cell sap, show that the water potential of growing pea stems was about -3 bars. When the growth rate was altered by various treatments, including decapitation, auxin application, cold temperature, and KCN treatment, the water potential was independent of the growth rate of the stem. We attribute the depression of the water potential in young pea stems to the presence of solutes in the cell wall free space of the tissue. This interpretation is supported by the results of infiltration and perfusion experiments.
From the results of these dynamic and steady-state experiments, we conclude that the internal gradient in water potential (from the xylem to the epidermis) needed to sustain cell enlargement is small (no greater than 0.5 bar). Thus, the hydraulic conductance of the tissue is sufficiently large that it does not control or limit the rate of cell enlargement.
From a physical standpoint, the enlargement of plant cells during growth requires two fundamental processes: transport of water into the expanding cells (inasmuch as enlarging plant cells are >90%o water) and irreversible yielding of the cell wall which surrounds the protoplast to accommodate the inflowing water (16, 23) . Although it is often assumed that water transport through plant tissues is so rapid that growth is controlled entirely by the yielding properties ofthe plant cell wall, in principle either process may limit the rate of cell enlargement.
In plant tissues where the resistance to water movement is sufficiently large to impede the rate of cell expansion, a large gradient in water potential along the transport pathway would 'Supported by contract from the Department of Energy (DE-AT06-76ER76019) ( develop in order to sustain the influx of water (5, 19, 25) . Several studies have found that rapidly growing tissues are out of osmotic equilibrium (1, 2, 24, 29). Such observations suggest that the water transport properties ofplant tissues may at least partially limit the rate of plant cell enlargement. Moreover, from psychrometric water potential measurements, Boyer and Wu (3) concluded that auxin stimulates growth in soybean hypocotyls, in part, by increasing the hydraulic conductance of the growing tissue.
A previous study of the water transport properties of pea epicotyls calculated that a water potential gradient of about 1 bar was necessary to sustain rapid expansion (8) . However, this was a theoretical estimate and could easily be in error by a factor of two or three because of cell inhomogeneities along the transport pathway. Also, this estimate was based only on the cell-to-cell pathway for water transport and did not take into account the cell wall pathway. In the present study, we have used more direct methods to determine whether water transport limits the rate of cell expansion in pea epicotyls, and whether auxin stimulates growth by increasing the hydraulic conductance of epicotyl tissue.
MATERIALS AND METHODS
Plant Material. Pea (Pisum sativum L. cv Alderman) seedlings were grown in wet vermiculite in complete darkness and handled under dim green light as described previously (7) . Except as noted, seedlings 6 to 8 cm tall (second internode stage, 6-7 d old) were selected for experimentation.
The osmolality ofexpressed cell sap from either fresh or frozen/ vacuum removal at the top. In other experiments, excised segments, rather than whole plants, were mounted in the apparatus, and aerated solutions (1 mm KCI, with or without 10 UM IAA) were circulated through the chamber. Pressure probe measurements were made in the region 1.0 to 1.5 cm below the hook (the middle of the growing region). The turgor pressure (P), volumetric elastic modulus (e), and half-time for water exchange (tl/2) of individual cortical cells were measured directly with the pressure probe (see Refs. 8, 13, 25 for a description of the technique). The insertion of the capillary tip into cells beneath the surface of the tissue could not be directly observed with the microscope, but could be inferred from the behavior of the boundary, or meniscus, between the oil in the microcapillary and the cell sap. The position of this meniscus was observed through a microscope at x250 and manually controlled by turning the micrometer screw which controls the internal volume of the apparatus (Fig. 1 ). Several criteria (described in 26) were employed to ensure the pressure probe was in a nonleaky cell. To prevent water condensation from obscuring observation through the microscope, the glass coverslip through which observations were made was coated with a thin layer ofliquid detergent.
For certain measurements of actively growing epicotyls, pea seedlings were mounted in the chamber under dim green safelight. Tissue Half-Times. The half-time for radial water flow in the whole epicotyl (T,/2) was measured by sealing the basal portion of an epicotyl in the root pressure chamber (Fig. 1 ) and applying either a pressure or a vacuum to the chamber. These experiments were performed in complete darkness, except that a small portable green safelight (6) was used to mount and inspect the seedlings in the apparatus. In the pressure experiments, the roots were left intact in wet vermiculite, while in the vacuum experiments the roots of the seedling were excised about 0.5 cm below the attachment point of the cotyledons, and the basal end of the seedling was submerged under water. In this way, the change in pressure was rapidly propagated to the epicotyl through the vascular system. The half-time for change in length of the epicotyl was measured directly with a displacement transducer and represented the half-time for radial propagation of water from the xylem (see "Results"). The voltage output from the displacement transducer was digitized and stored by a microcomputer, and half-times were calculated by a weighted least-squares fit. See Cosgrove (6) for details of the displacement transducers and the microcomputer. Except as noted, measurements were made under normal room lighting.
RESULTS
Dynamic Measurements. Cell Half-Times. As seen in crosssection (Fig. 2) , the growing region of the dark-grown pea epicotyl contains one central vascular bundle and four peripheral bundles embedded in a cortex of large parenchyma cells. Inasmuch as the peripheral bundles do not transport water (8) , water taken up for cell enlargement must be transported radially from the central bundle toward the epidermis. The resistance of the transport pathway is thus determined primarily by the cortex.
To determine if auxin alters the water transport properties of the cortex, the hydraulic conductance of individual cortical cells was measured with the pressure probe. Segments excised from the growing region of the epicotyl were mounted in the apparatus ( aerated solution during which time the growth rate dropped to less than 1% h-'. Pressure probe measurements were made on five cells; for each cell, five to ten pressure relaxations were made to measure t1/2 and several dP/dV to estimate E (see Refs. 8 and 13 for details of these measurements). After these measurements, the solution was switched to one containing 10 /M IAA. As soon as the growth rate of the segment reached a high plateau (generally about 5% h-', 20-35 min after adding IAA), five new cells were measured. This procedure avoided problems with spontaneous changes in tl/2 which were sometimes observed when one cell was measured for a prolonged period (8) . The results from six such experiments are summarized in Table I and show that IAA has no significant effect on the cell hydraulic conductance, even though the growth rate in these experiments was stimulated about 5-fold.
Cell hydraulic conductance was about 0.016 s-1 bar-', Lp of the cell membranes about 1.5.10-5 cm*s-1 bar-'. Cell turgor and e were not affected in these short-term experiments.
Tissue Half-Times. It may be argued that the pressure probe measures only the properties of cell membranes and that the parallel pathway through the apoplast (i.e. the cell wall pathway) may be the more important one governing radial water transport and may be the pathway affected by auxin. We addressed this problem by measuring the half-time for radial water transport through the pea internode (T,/2), induced by changing the hydrostatic pressure of the root environment. Such a method should be a measure of the net hydraulic conductance of the combined pathways, regardless of which pathway predominates in water transport (5).
The change in stem length induced by a step-up in root chamber pressure is shown in Figure 3 . The half-time for the attainment of a new steady-state growth rate could be calculated from the first part of the response area (Fig. 3, stippled area In a second set of experiments, we found that T1/2 was the same for long and short stems. If water flowed radially, halving the stem length should have no effect T1/2; whereas, if water flowed longitudinally, T1/2 would decrease to one-fourth the value found in the full stem (22) . Hence, this procedure measures the rate of radial (rather than longitudinal) water movement.
Treatment of stems with IAA did not affect T1/2 (Table II, exp. 3), even though the growth rate was increased 4-to 8-fold.
One unexplained peculiarity of these experiments was that the size of the pressure-induced transient was usually smaller for rapidly growing (IAA-induced) stems than for slowly or nongrowing stems (Fig. 3) secondary readjustment of the growth rate, starting about 10 min after the change in pressure (Fig. 3) . The secondary response appears to be a compensatory alteration of the growth rate back towards the steady-state value which prevailed before the step change in root pressure. Such secondary responses have been studied by Green et aL (11, 12) and have the characteristics of a homeostatic control of the growth rate. Since the osmoelastic changes in stem length were faster than these secondary responses, the two were readily separated.
These Figure 4 . P tended to be somewhat lower in the outer region of the cortex compared with the inner region, but neighboring cells had similar P values. As seen in Table III ( After measurements in a given cells were complete, the pressure in the cell was reduced slightly by drawing the contents of the cell further into the capillary. Then the tip was advanced into the next cell. At the instant of penetration, the meniscus abruptly retreated a short distance into the capillary. When the meniscus was forced back to the position it occupied at the moment of penetration (shown in the graph by the open triangles), the initial P of the cell was reestablished. Sequential measurements are of cells deeper and deeper from the surface of the stem. replicates. SE range from 2 to 7 mOs -kg-'. of rapidly growing intact pea internodes was consistently lower than one would expect of fully turgid tissue, based on the qri measurements.
Errors. Before one can accept the calculated V' values, potential sources of error must be examined. First, P values may be artifactually low due to leakage. This is ruled out for the following reasons. (a) Leakage was easily detected with the pressure probe. Most cells exhibited stable pressures, and those which gave evidence of leakage were excluded from the data. (b) Neighboring cells had similar P values, and P was immediately stable after insertion of the microcapillary into the cell and correction of the position of the meniscus (Fig. 4) . If bulk leakage occurred when the capillary punctured the cell membrane, it would most likely vary from cell to cell. Hence, P would not be so uniform from cell to cell. (c) Because ofthe high elastic modulus ofthese cells (about 95 bars), even a complete relaxation ofP by leakage would involve the loss of less than 10% of the volume of the cell. Such drastic leakage would cause less than a 10%1o error in the final P measurement after the cell resealed itself; P-values were actually 30 to 45% lower than expected from q7. Furthermore, such drastic leakage would be easily detected by an initially low P followed by a large increase in P as water crossed the cell membrane to reestablish osmotic equilibrium. Such behavior was not observed. Moreover, the technique of resetting the meniscus to its original position (see "Materials and Methods") eliminated net movement of the contents of the cell into the capillary tip. The slight underestimate of P which occurs when this compensation technique is not used (ie. due to loss of cell volume into the tip) was thus not a problem.
A second potential source of error may come from compartmentation of solutes in various regions of the stem. For example, if the vascular region contained a higher solute concentration than the cortex (where P was measured), the v? measurements would overestimate the value for the cortex. To check for this possibility, i7? of asymmetrically bisected internodes (Fig. 2) were compared. The values of ir' for regions containing the central vascular bundle were the same as those excluding the bundle (8.2 ± 0.1 bars, 8.3 ± 0.1 bars, respectively; mean ± SE of nine measurements). Thus, the difference between solute concentrations in the cortex and the vascular tissue is negligible. Another cause of error would be a steep gradient in 7? along the length of the internode. As shown in Figure 5 , a gradient does exist along the growing region and, coincidentally, parallels the profile of growth rates along the axis. However, the gradient is too small to give a substantial error. A second interpretation is that the low water potential of the growing tissue is unconnected with the water flux, but has another origin. Specifically, if the apoplast contained a significant concentration of osmotically active solutes, Vt would never rise aboveIn addition, a low solute reflection coefficient of the cell membranes would also act to lower P. Elsewhere (7), we have presented evidence that the apoplast of young stem tissues of peas and other species contains a significant concentration of solutes (1-3 bars). Two experiments with the pressure probe demonstrate this point further.
First, we found that vacuum infiltration of stem tissue with water caused only a slight increase in P (Table IV, exp. 1). This result is consistent with the presence of free space solutes, which would be diluted somewhat by the water introduced by infiltration. Second, when the air spaces of stems were perfused with water continuously for 20 min, P increased by 1.2 bars. Such perfusion would be expected to flush out the solutes from the free space and thereby increase P. The fact that did not quite reach 0 bar is in agreement with independent observations that perfused pea stem tissues continue to efflux solutes to the free space (7) .
Moreover, V' of pea seedlings whose cotyledons were excised 2 d previously was higher than in normal seedlings (Table IV, cf. exp. 3 with exp. 1)). It has been shown elsewhere (7) that the free space of such seedlings contains a lower solute concentration than found in normal seedlings.
DISCUSSION
The osmotic properties of any growing tissue may influence the growth of the tissue in two ways (5). First, the hydraulic conductance of the pathway for water transport determines the rate of water flux into the expanding cells, for any given A+. If the hydraulic conductance is small, then a large AI (and concomitantly, low P) must develop to sustain a substantial growth rate. Consequently, the rate of wall expansion, which is driven by P, will be less than that in an equivalent tissue with a larger hydraulic conductance.
The second important osmotic property is the osmotic pressure gradient across the cell membrane (so -7rs). A change in the solute reflection coefficient of the membrane is equivalent in this regard to a change in (7f v). Studies with Avena coleoptiles indicate that auxin does not stimulate growth by causing an increase in i? (20, 28) . Similar results have been obtained with pea internodes (unpublished data of the authors). As discussed below, IT' also does not appear to be affected by auxin. The osmotic properties of the tissue directly influences only the rate of growth, not the final growth endpoint, which will be controlled by the duration of stress relaxation of the cell wall. An exception to this is in cases of severe water stress, where P is not sufficient to drive nodes is small (no greater than 0.5 bar). Thus, the hydraulic conductance of pea internodes does not significantly control or limit the rate of growth.
There have been other reports of auxin effects on water permeability, although their relevance to growth, per se, has not been established. Kang and Burg (14) reported that auxin increased the diffusional permeability of pea internodes to tritiated water, but this was refuted by Dowler et al. (10) . The diffusion of tritiated water into and out of a pea stem is probably limited by internal and external unstirred layers rather than the hydraulic transport characteristics of the tissue. Von Guttenberg and Beythien (30) and, more recently, Loros and Taiz (17) and Lee et al. (15) have reported that auxin increases the rate of plasmolysis and deplasmolysis in mature Rhoeo and Allium epidermal cells. Although this is a classical method for measuring the hydraulic conductivity of cell membranes, Steudle et al. (27) have reported that the hydraulic conductivity of some plant cell membranes is increased at or near the point of plasmolysis. This could indicate a change in the structure of cell membranes when the compression of the membranes is reduced near zero turgor. Hence, whether auxin increases the Lp of turgid Rhoeo and Allium cells needs yet to be established, as well as the relevance of such possible changes to the control of plant growth.
The conclusion that the apoplast contains a significant solute concentration suggests that one way to increase the growth rate of a tissue would be to increase the uptake of these solutes into the growing cells. Since the apoplast composes only about 4% of the total volume of the tissue (7), only a slight transfer of solutes would be required to deplete the free space of solutes. Such a change would not be detectable by the usual measurements of bulk 7T, yet the difference in osmotic pressures across the membrane could increase significantly. Consequently, Pand the growth rate would increase. It is unlikely, however, that auxin acts in this way in pea stems, at least in the short term, because P stays constant when growth is stimulated by IAA (Tables I and III) .
A full understanding of the extracellular solutes in the young pea tissue is still lacking. The chemical identity of the solutes, and explanation for their high concentration in the free space, has yet to be established (7) . One possible explanation is that the cell membrane does not behave as an ideal semipermeable membrane, i.e. the reflection coefficient of the membranes for particular solutes might be low (less than one). A low reflection coefficient would reduce the 'effective osmotic pressure' of the cell contents below the ideal value, as well as entail a leakage of solutes into the cell wall free space. Both effects might contribute to a low P and I. However, calculations and measurements (21) show that the permeability of a solute would need to be extraordinarily high in order for it to have a reflection coefficient low enough to explain the low P found in this study.
The presence of extracellular solutes has been overlooked in previous theoretical and experimental investigations of the control of plant growth. Free space solutes complicate the models of growth-sustaining water potential gradients (5, 19, 25) by shifting the baseline water potential by an amount equivalent to VC. The
